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Unified microporomechanical approach for mechanical behavior and permeability of misaligned unidirectional fiber reinforcement Fiber reinforced organic composites are widely used for both low and high performance applications. Whatever the process used to obtain the final part, four major stages have to be achieved, optimized and controlled to obtain the highest part quality: lay-up, impregnation, consolidation and curing (for thermosetting resins) or cooling (for thermoplastic matrices) [2] . Failure in anyone of the four stages will lead to a non-optimal quality part that may have to be discarded because it does not fulfill the final mechanical requirements.
Helping manufacturers to produce high quality parts relies on models and simulation tools to prevent trial and error procedures and wasting time. Modeling and simulating manufacturing accurately requires a good understanding of the physics involved all along the process, such as fluid flow in fibrous media and hydro-mechanical coupling (during impregnation and consolidation), or the mechanical behavior of the fiber reinforcement for instance. Previous studies have focused on such modeling and simulations, but they are often based on very different theoretical approaches which make them difficult to combine and finding their parameters require experimental benches which are not always standardized. For example, dealing with injection of resin through a fibrous preform requires an appropriate knowledge of its permeability. On the other hand, the hydro-mechanical coupling is a relevant mechanism involved in processes where interaction between fluid and fiber occurs and can lead to driven or induced deformations of the fibrous medium.
Another specificity of the fiber reinforcements of concern in this study is that the porosity they exhibit is either single scale (unidirectional non-crimp fabrics NCF) or double scale (multidirectional NCF or woven fabrics). Fiber reinforcements, whether dry, partially saturated or fully saturated with a fluid, can be considered as engineered heterogeneous multiphase and multiscale materials.
The most important heterogeneity of such a class of material is the porosity, i.e. the space in between the individual fibers at various scales ranging from inter-fiber volume at the microscopic scale to the interlayer space at the macroscopic scale. Porosity is the key parameter to understanding the fibrous reinforcement behaviour in its different fluid saturation states, in particular to predict transport properties as well as stiffness and deformation behaviours.
Because fibrous reinforcement are usually non periodic, fibrous reinforcement properties vary and some of them are difficult to tackle. This paper aims at evaluating within the framework of micromechanics of porous media, a unified continuum approach to simultaneously predict permeability and mechanical behavior of (fluid saturated or dry) preform and solid composite. Through suitable homogenization techniques, microscopic properties and behaviours of fibers and fluids are translated into macroscopic constitutive relations of 2 mass transport phenomena and poro-mechanical deformation of fibrous media. First, a background on permeability and micromechanics is given. Then, theoretical developments of permeability and mechanical behavior of single and double scale fiber reinforcements are detailed and discussed before concluding.
Background

Permeability
The flow of a fluid through fabrics is generally described by a macroscopic theory of fluid flow known as Darcy's law [3, 4] . It was originally proposed to describe the simple situation of a saturated flow in a rigid sand bed. Darcy's law is basically the macroscopic integration of the Navier-Stokes equations under certain conditions. That relation involves the permeability which represent the ability of the fluid to flow in the fibrous material. Saturated and unsaturated permeabilities can be of interest for composite manufacturing. The saturated permeability is measured once the fiber reinforcement is fully saturated whereas the unsaturated permeability is measured when the flow progresses through the reinforcement. Because the unsaturated property is only of interest in the flow front region during manufacturing, the present study focuses on the saturated permeability. Numerous publications have related results and measurement techniques. The first type of measurements are based on fluid injection experiments with:
• unidirectional flow and constant injection pressure [5, 6] or constant flow rate [7, 4] ; • biaxial flow and constant injection pressure [8, 9] or constant flow rate [10] ;
• through-thickness flow with constant pressure [11, 5] or constant flow rate [12, 13] ; • three dimensional flows [14] [15] [16] .
The proposed benches need specific equipment, e.g. pressure pots or pistons, to drive the fluid within the fiber reinforcement combined to a mold and appropriate instrumentation for adequate monitoring. Besides all the equipment previously cited, several errors can occur such as mold deflection, racetracking (edge effects) and capillary effects [17, 18] .
The experimental sources of error lead to a scattering of the measurements, therefore some efforts have focused lately on replacing liquid by gas (air or nitrogen) [19, 20] . The benches are quite similar to the ones using liquid, making sure the pressure transducers and flow rate sensors are appropriate. However, 3 the data treatment is different since the main governing equations requires to take the gas compressibility into account. Some studies have presented permeability measurements, but very few have compared values obtained on both fluid injection and air flow benches.
A third way to measure permeability has been proposed and relies on the through-thickness compression of impregnated fiber reinforcements [21] [22] [23] . Those methods have the advantage to be continuous, that is to obtain permeability over a wide range of fiber volume fractions with a single fiber reinforcement sample. Results of permeabilities have been compared to the ones obtained on fluid injection benches and presented good agreements [23] .
The fourth method under investigation is based on either analytical [3, 24, 25] or numerical predictions solving Navier-Stokes equations. Usually, calculations are performed on cells (most of the time periodic) which represent the fiber reinforcement openness (inter tows or/and intra tows). Several method have been used: finite volume [26] , finite element [27] , lattice Boltzmann [28] , meshless Lagrangian smoothed particle hydrodynamics [29] or the asymptotic homogenization [30] method. A limitation of numerical calculations is the difficulty to define a periodic unit cell that would be representative of the fiber reinforcement. Then, for methods requiring to solve equations on a very delimited domain, that unit cell has to be constructed in terms of geometry and mesh, which requires a particular effort.
Moreover, real impregnation processes may have a deformable fiber bed, and as a consequence its porosity and permeability vary along with the fluid progression. This underlines the need to use a consistent and unified framework to address coupled or uncoupled fluid and solid mechanics problems in order to simplify simulation tools. The next section focuses on the micromechanical derivation of macroscopic mechanical properties.
Micromechanical approach
Advanced structural polymer composites use fibers in high content. Fiber reinforcements are usually compacted to reach the targeted fiber volume fraction. The knowledge of the mechanical behavior of fiber reinforcements is fundamental during the processing of composites (RTM, VARTM, compression, autoclave consolidation. . . ) because it influences the cycle time and the performances of the final composite part.
Fabric behaviour under transverse compression has been extensively studied both experimentally and theoretically. Most of the experimental methods are based on a curve fitting approach of a law between the applied stress and either thickness, porosity or fiber volume fraction [31, 32] . These simple mod-4 els contain two or more empirical constants that are difficult to correlate to fabric microscale or macroscale geometry. Those models are then of limited interest with the aim to relate mechanical properties of the fiber preform to microstructure. Micromechanical models based on beam theory have been proposed to overcome the above-mentioned drawbacks [33] . While they may provide a fairly good description of the stress/strain behaviour of dry fabrics, they cannot easily address the fluid/solid interaction at a microscale. Microporomechanics offer a consistent framework to deal with this question, to predict the effective homogenized mechanical properties of the fiber medium knowing micro-structural parameters and the mechanical properties of fibers.
To have an accurate law for mechanical and hydromechanical properties, it is necessary to determine the fourth-order homogeneous stiffness tensor C hom and the Biot tensor B of the fiber assembly. The Biot tensor B, once again, is determined as a function of C hom , so the difficulty of the mechanical behavior law is the determination of C hom tensor. More details on that matter have been given in [1] .
Once the C hom tensor is determined, the transverse compression modulus of assembly E 1 is deduced. In most cases of composites processing, the compression of the fiber reinforcement is unidirectional, according to the transverse direction, thus the transverse compression modulus E 1 is important and need to be determined.
Estimation of the mechanical behavior and the permeability of a commercial reinforcement requires to improve the previous work [1] with features such as unidirectional fibers with misalignment (localized contacts) and doublescale porosity. The Mori-Tanaka estimate shows a good applicability for the calculation of stiffness and of permeability tensors (C hom and K, respectively) of the fiber reinforcement of double-scale porosity.
3 Microporomechanical approach for misaligned unidirectional assemblies of single-scale porosity
In the previous work [1] , the bundles have been idealized with perfectly straight fibers. In reality, the bundle can be represented by a unidirectional fiber assembly of single-scale porosity containing several families of pores (with various shapes and a unique characteristic length). In that case, the geometrical distribution of unidirectional fibers in a bundle have to be known prior to any calculation of the transverse compression modulus or permeabilities. 
Geometrical distribution of unidirectional fibers in a bundle
The microstructural analysis of a bundle can be a complex and time consuming task. Several authors have studied unidirectional assemblies using point process [34] [35] [36] . Although a point is considered dimensionless, real transverse sections of fiber are represented as points when distances between them are rather important and their physical size is irrelevant. Looking at bundles, the distribution of fibers in their transverse section is not periodic. The hypothesis of complete randomness (the location of each point is independent of the location of any other points) is the simplest and the most realistic representation [25] .
Various studies have been contributing to determine the distribution of fibers in the transverse section of a bundle, e.g. Dirichlet tessellation (or Voronoi polygon) [37] , fractal concept [38] , intensity function, pair correlation function or mark correlation function [35, 36] but none of them studied the neighboring fiber distances in the transverse section of a bundle. A neighboring fiber is one that shares a side of the Voronoi polygon with the fiber interest ( Fig. 1) . Based on the asymmetry of the experimental probability density distribution of neighboring fiber distance [39, 35, 40] , the Gamma probability density function f (x 1 ; a, k, θ) is proposed for the theoretical approach and depends on the neighboring fiber distance x 1 and three parameters a, k, θ
where Γ is the Gamma function. The parameters a, k, θ are determined as function of the fiber diameter d and bundle volume fraction V f by the analysis of the microstructure of the unidirectional fibers in a bundle:
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• the smallest distance between two any fiber centers is d, thus a = d;
• the mean value of the Gamma probability density function kθ is equal to the hexagonal array distance of the equi-diameter fiber l 1 minus the diameter d
• the analysis of the distribution feature of the fibers in a bundle gives
where α is a parameter.
The Gamma function parameters a, k, θ are adjusted to the semi-empirical results of Pyrz [35] . The distance distribution of the unidirectional fiber in the transversal section of bundle follow the Gamma distribution (Eq. 1) whose parameters are given in Eq. 4.
The point process was helpful in determining the inter-fiber distance, but it cannot be used for the determination of the distance between two contacts according to the longitudinal direction of the assembly. At low fiber volume fraction, the fiber contact can be punctual, at higher fiber volume fraction, the contact can be a line according to the longitudinal direction of the fiber.
To determine the average distance between two contacts, let assume that the ratio ω of the distance between two longitudinal contacts x 3 over the distance between two edges of the neighboring fibers x 1 − d is constant. Thus when the unidirectional assembly is transversely compressed, the inter-fiber distance reduces, while the contact line distance increases and the distance between two longitudinal contacts decreases
The ratio ω is determined by exploiting the experimental bibliographical results of Yurgartis [41] and Lee et al. [42] . In these works, authors measured the misalignment angles of unidirectional assembly of carbon fiber and represented them as probability density curves. The mean misalignment angles have been found equal to 1.936
• and 1.9
• , respectively (the mean misalignment angle of the 8 mm-thick laminate is chosen in the work of Lee et al. to avoid compression edge effects). Thus, the mean misalignment ϕ is chosen in this work as 1.9
• .
where l 1 and l 3 are mean values of x 1 and x 3 , respectively; a 1 and a 3 are the semi-axes of the ellipsoidal porosity (Fig. 2) . The mean inter-fiber distance l 1 and between two longitudinal contacts l 3 (as well as the ratio ω) will help to the determination of the ellipsoidal pore size generated by the misalignment of fibers. 
Micromechanical approach
In this section, the Biot coefficients and the permeability will be estimated by the Mori-Tanaka and self-consistent schemes for the bundle of single-porosity. Following the assumptions of these schemes, the real fiber assembly is modelled by a reference medium which contains ellipsoidal inclusions. The reference medium can be chosen as the fiber or the homogenized material, depending on the schemes. According to the ratio of major axis to minor axis, the inclusion can be a cylinder, a sphere or an ellipsoid. The porous inclusions for the calculation of the assembly of single-scale porosity are cylindrical and ellipsoidal. Such approach do not take into consideration eventual sliding or rotations of the constituents of the porous material. Therefore the validity of the modeling and the predictions are limited to high volume fractions of constituents where sliding and rotations are greatly reduced due to high packing. Also note that in micromechanics, the results are usually plotted along the full range of porosity even if the validity of the models are less extended. Readers should focus on the high levels of volume fractions or low porosity ranges.
The volume fraction of the cylindrical pore is constant (c c ) and represents the minimum porosity of the compact hexagonal fiber array. The equivalent radius R c is obtained by identifying the area of the real transverse and cylindrical sections
where R is the radius of an equi-diameter fiber.
The volume fraction of the ellipsoidal pore c e is the remaining porosity
where c is the total porosity of the assembly.
The minor semi-axis of the ellipsoid a 1 is a 1 = (l 1 − d)/2, the major semi-axis is a 3 = l 3 /2. The semi-axes a 1 and a 3 are used to compute the Biot coefficients and permeability estimates of unidirectional assemblies of single-scale porosity.
Biot coefficients estimate
The Biot coefficients will be estimated by the Mori-Tanaka scheme, which has proved more advantages compared to the dilute and Ponte Castañeda-Willis schemes for the calculation of fiber assembly [1] . The calculation assumptions for the unidirectional fiber assembly in localized contacts are:
• the fiber and the fiber assembly are both linear elastic;
• the real fiber assembly (Fig. 3 ) is modelled by a reference medium, the fiber, which contains the cylindrical and ellipsoidal pores (Fig. 4) .
The ellipsoidal pore is illustrated as a "closed" pore in Fig. 4 , but it implicitly characterizes an "opened" pore because its rigidity is null. 
where δ is the second-order unit tensor; I is the fourth-order unit tensor; S f is the compliance tensor of the fiber and C hom is the homogeneous stiffness tensor. The latter is calculated by the Mori-Tanaka scheme
where C f is the stiffness tensor of the fiber; S E is the Eshelby tensor. The index i refers to c (cylindrical pore) or e (ellipsoidal pore).
Because of the presence of ellipsoidal pores, the Eshelby tensor cannot be determined analytically [44] , thus the homogeneous stiffness tensor C hom M T is calculated numerically within the Walpole basis [45] . Figure 5 shows the Biot coefficient curves of the assembly of fibers of Kevlar 29 and carbon at ratios of major to minor axes of the ellipsoidal pore ω = 30. Note that both fibers are transversely isotropic. The curves of fibers of Kevlar 29 are compared to those of perfectly straight unidirectional fiber assembly ones (ω = +∞). The Biot coefficients of perfectly straight assembly of transversely isotropic fibers can be calculated analytically because there are only cylindrical pores.
(11)
10 where E i are the elastic moduli according to the direction i; ν ij are the Poisson ratios in the plane ij. Here the direction Ox 3 is oriented along the fiber axis and the (Ox 1 ; Ox 2 ) plane is the transverse one. [46] ; of the fiber of carbon (subscript "C") are: E 3 = 220 GPa; E 1 = 14 GPa; µ 31 = 9 GPa; ν 31 = 0.2; ν 12 = 0.25 [47] The comparison of the Biot coefficient curves in Fig. 5 leads to the following conclusions:
• the ellipsoidal form of pore (via ω ratio) seems to less influence the Biot coefficients. The Biot coefficients for unidirectional fiber assembly in localized and in perfect contacts coincide. More precisely, b 1(ω=+∞) > b 1(ω=30) and b 3(ω=+∞) < b 3(ω=30) for a very small value. That means, the rigidity according to the axis direction of the cylindrical pore is highest, and smallest for the transverse directions. These rigidities reduce in the longitudinal and increase in the transverse directions if the pore is ellipsoidal, and equal if the pore is spherical. The difference between the Biot coefficients for unidirectional fiber assembly in localized and in perfect contacts becomes significant when ω < 5; • the Biot coefficients for a perfectly straight unidirectional fiber assembly is independent of the axial shear modulus of the fiber µ 31 (Eqs. 11 and 12), but it is not the case of unidirectional fiber assembly in localized contact because the presence of ellipsoidal pore causes the sliding during the isotropic compression. However the axial shear modulus slightly influences the Biot coefficients; • the Biot coefficient curves of unidirectional fiber assembly in localized contact start at a porosity of 0.094 because it represents the minimal porosity of a unidirectional equi-diameter fiber assembly; • the Biot coefficients are lower than one because of the low Poisson ratios of aramid fiber (same trend for carbon fiber).
Permeability tensor estimate
The homogenization method is the calculation of macroscopic characteristic of material as function of constituent characteristics and microstructure. For the case of assembly of compact fiber, the macroscopic permeability cannot be calculated as function of the fiber permeability because the latter is null and therefore does not allow any flow. For this reason, the reference medium cannot be chosen as the fiber, thus the Mori-Tanaka scheme is no longer applicable. The only scheme that can be used in this case is the self-consistent where the reference medium is the homogenized one.
The unidirectional fiber assembly in localized contact (Fig. 3 ) is modelled by a homogeneous medium which contains three types of inclusions: cylindrical pore, ellipsoidal pore and cylindrical fiber (Fig. 6 ). The homogeneous permeability tensor of the self-consistent scheme K hom SC
writes [43]
where K i is the permeability tensor of the inclusion i; I is there second-order unit tensor and P hom iSC is a tensor calculated by
where S E i is the Eshelby tensor for the permeability calculation [44] .
As already mentioned, the permeability of the fiber is null. The permeability tensor of the cylindrical pore is calculated from the Poiseuille flow solution in 
The permeability tensor of the ellipsoidal pore is
where K ei is the permeability according to the direction i, they are calculated from the flow solution in a tube of elliptical section (whose semi-axes are a ej , a ek ). For example, the permeability according to the direction Ox 1 is [48]
The flow through the ellipsoidal pore is assimilated to the flow in a tube of ellipsoidal section. The relative contribution of the permeabilities in Eq. 13 is dictated by the Eshelby tensor S E i .
Equation 13
is calculated numerically and iteratively by giving an initial guess of the homogeneous permeability tensor K t SC (t is the iteration counter)
The iterative resolution (Eq. 18) is stopped when
< ε er (19) where the subscript pq are the components of the permeability tensor; ε er is the maximum allowed relative error.
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The calculation of the permeability tensor K hom SC is stopped when ε er = 10 −6 . The predictions of K hom SC (m 2 ) are presented in Fig. 7 as a function of the bundle porosity c. They are compared to the Gebart's model (Eqs. 20 and 21) [49] , which are used for the unidirectional fiber assembly in non compact hexagonal array Fig. 7 . The permeability of unidirectional fiber assembly calculated by the self-consistent (SC) scheme and Gebart formulae [49] . The diameter of the fiber is 15 µm (corresponding to glass fibers)
The permeability K hom 3SC exists above c c (porosity of the cylindrical pore, which corresponds to the porosity of the compact hexagonal fiber array) because there is always a minimum (non zero) porosity according to this direction. On the other hand, the permeabilities in the transverse directions of assembly K hom 1SC and K hom 2SC are null for a porosity smaller than c * ≈ 0.6. Beyond this threshold, the existence of the macroscopic permeability is interpreted as the result of the pore connectivity, especially of ellipsoidal pores. The selfconsistent scheme thus takes into account the notion of percolation threshold [50] . The connectivity of pores results from the porosity increase in the modeled material.
In comparison to the permeability curves of a unidirectional fiber assembly in non compact hexagonal array predicted by the Gebart's model [49] , the permeabilities calculated by the self-consistent scheme are lower. This was expected because Gebart's model assumes perfectly aligned fibers, which is not the case when misalignment is introduced in the bundle. Moreover, according to the Gebart's model, the longitudinal permeability is always higher than the transverse ones, while for the self-consistent scheme, this is only true for a porosity lower than c ≈ 0.7.
The calculation by the self-consistent scheme allows to establish the following conclusions for the permeability tensor calculation of unidirectional fiber assembly of single-scale porosity by micromechanical approach:
• the self-consistent scheme can be used for the permeability tensor calculation of unidirectional fiber assembly of single-scale porosity. This is due to a representation of the reference medium which is homogeneous (because any component of material can be chosen as the reference medium); • the application of the self-consistent scheme is very limited because the permeability is null for a porosity smaller than a critical one c * (the threshold of pore connectivity). The threshold depends on the shape of the considered pore. For the assumption of the cylindrical and ellipsoidal pores corresponding to the considered case, c * is high (≈ 0.6), thus the existing interval of the permeability tensor is not interesting because it corresponds to the composites processing at the end of the consolidation;
• the self-consistent scheme equation is solved iteratively and numerically (except for some particular cases of inclusions); • for high porosity, the model can be questionable since the flow is not dominated anymore by flow in channels (Eq. 17).
Thus, these remarks suggest that the micromechanical approach does not well adapt to the permeability tensor calculation of the unidirectional fiber assembly of single-scale porosity. Therefore for the the single-scale porosity medium, models based on the lubrication approaches are used instead of the micromechanical ones in the following.
Microporomechanical approach for unidirectional reinforcement of double-scale porosity
In reality, most of fiber reinforcements contain double-scale porosities (e.g. multiaxial non-crimp fabric, woven fabric. . . ) For these reinforcements, micropores and macropores exist. The micropores are located in the bundle (intrabundle pores) which have already been studied in section 3. The macropores are surrounding the bundles (inter-bundle or inter-layer pores) and are caused by the bundles arrangement within a ply and by ply lay-up.
This section studies the compression modulus and the permeability of the unidirectional non-crimp fabric. It consists of unidirectional fiber bundles, which are assembled by small transverse and longitudinal threads. The bundle itself 15 consists of unidirectional fibers in localized contact.
Transverse compression modulus
The compression modulus is calculated for a non-crimp unidirectional reinforcement made of high strength carbon fiber (Fig. 8) . For this reinforcement, there are two types of pores: micropore (intra-bundle) and macropore (interbundle and inter-layer). Very fine longitudinal and transverse threads hold the bundle (Fig. 9) . The thickness of these threads (according to the direction Ox 2 ) is very small. Moreover, the compression modulus is calculated only at a high compressive force leading to a small porosity in the reinforcement, which is a condition of validity for the estimated schemes. That is why the inter-layer macropore a is neglected and only the inter-bundle (ellipsoidal) pore b is considered. The properties of the inter-bundle pore are given in Tab. 1. These properties are obtained by image analysis where a 1 , a 2 and a 3 are the three semi-axes of the modelled ellipsoidal pore according to the corresponding directions. During the compression, the thickness of reinforcement reduces, but it is assumed that the distances between the bundles and between the transverse threads remain unchanged. Therefore, values of a 1 and a 3 are supposed constant. Since the non-crimp UD reinforcement is a double-scale porosity medium, a double homogenization is required to assess macroscopic properties. The first homogenization is calculated similarly to that of the compression modulus of 16 the bundle as function of the fiber properties and the bundle microstructure (fiber volume fraction caused by the fiber misalignment). This homogenization step has already been carried out in section 3.2.1. The second homogenization consists in the calculation of the compression modulus of the non-crimp UD reinforcement as function of the bundle modulus and the reinforcement microstructure (caused by the bundle arrangement). The real reinforcement is modelled by a reference medium (the bundle) which contains ellipsoidal macropores. The Mori-Tanaka formula is used for the double-scale porosity (Eq. 10).
Owing to the presence of ellipsoidal macropore of three different semi-axes, the non-crimp UD fabric is no longer transversely isotropic but orthotropic, thus the homogeneous stiffness tensor is composed of 9 independent components. The micromechanical calculation is carried out within the Walpole basis for orthotropic material [45] . For example, the compliance tensor S of the orthotropic material writes in the Walpole basis
The compression modulus E 2 according to the direction Ox 2 is estimated numerically in the fiber content interval [0.65 ; 0.75] because this is an interesting interval of porosity of the material during composite manufacturing and it complies with the values given in Tab. 1 and the assumption that the pore a (Fig. 9) does not exist. The thickness of the layer (axis a 2 ) is deduced from the fiber volume fraction
where ρ s is the areal weight of the non-crimp UD reinforcement and ρ v is the density of the fiber. This extrapolation is valid only for a small interval of V f .
The estimated modulus E hom 2M T of the non-crimp UD reinforcement is presented in Fig. 10 . The compression modulus is smaller than the one of the bundle because of the presence of macropores. Compression modulus can be found in the literature or experimentally. For this study, uniaxial compression tests have been performed on dry carbon NCF and the tangent compression modulus was around 0.9GPa at the fiber volume fraction of 65%. The difference between that experimental value and the estimated values are due to the micromechanical assumptions (no sliding and no rotations) which stiffen the modeled material. Also, concerns remain regarding the way to measure and calculte the compression modulus from an experimental curve. 
Permeability estimate
As seen previously (section 3.2.2), the estimation schemes are not well adapted to the permeability calculation of the unidirectional assemblies of single-scale porosity because of the difficulty to choose a reference medium that allows to perform calculations. But for the reinforcement of double-scale porosity, the reference medium can be chosen as the bundle of single-scale porosity, whose permeability is calculated by the Gebart's model [49] .
The permeabilities will be estimated by the Mori-Tanaka scheme for another non-crimp UD reinforcement made of glass fibers (Fig. 11) . It is also a reinforcement containing double-scale porosity, identically to the previous fabric studied, i.e. there are intra-bundle micropores and inter-bundle and inter-layer macropores (Fig. 12) . The longitudinal and transverse threads somehow hinder the resin flow, thus the pores are assumed ellipsoidal and not cylindrical. The Mori-Tanaka scheme is applied by considering that there are two ellipsoidal macropore families: ellipsoidal inter-bundle macropore and penny-shape inter-layer macropore, which are present in a reference medium, the bundle (Fig. 13) . The properties of the ellipsoidal macropore are determined from micrographies and presented in Tab. 2. Some values of ellipsoidal macropores are extrapolated by modifying the semi-axis a 2 by Eq. 23 for more values of the estimated permeability curves. The other semi-axes are unchanged for the different thicknesses of the glass non-crimp reinforcement. The homogeneous permeability tensor K hom M T of the glass non-crimp reinforcement is calculated for the material of n pore families [43] 
where: (25) where K B is the permeability tensor of the bundle (the reference medium) whose diagonal components are determined by the Gebart's model (Eqs. 20 and 21), K i are the macropore permeabilities, they are calculated as the flow in a tube of elliptical section (the section of the penny-shape and ellipsoidal macropore, Eq. 17), f i is the volume fraction of the i pore family and P i is defined as in Eq. 14. Connectivity is provided by the reference media (permeable bundle) and the presence of macro ellipsoidal pores.
The permeability curves estimated by the Mori-Tanaka scheme for the unidirectional glass non-crimp reinforcement are presented in Fig. 14 . The permeability according to the longitudinal direction is compared to experimental values, which have been measured by compression and injection methods [23] . The estimated and experimental results are in good agreement. The permeabilities are lower than the experimental ones. This is probably due to the fact that only ellipsoidal pores have been used in the calculations. Such choice has been made because a small weaving thread in present along the main bundles and hinders the flow. In reality there must be a stronger pore connectivity that should be represented by cylindrical pores which would give a higher estimated permeability. Since the determination of the size and the amount of such cylindrical pore was not possible from micrographs, it has been decided to only consider ellipsoidal pores. Such results emphasize the interest in such unified method allowing to get hydromechanical, flow and mechanical properties of fiber reinforcement and also because the permeability is difficult to determine experimentally.
Conclusion
The microporomechanical theory has been applied to unidirectional reinforcements to calculate Biot coefficients, compression modulus and permeability. This is a development based on the previous study of perfectly straight unidirectional fiber assembly [1] , while the fiber in the present work is transversely isotropic, in localized contact and the fibrous material consists of double-scale porosity. This development widens the solution to transversely isotropic fibers (carbon or aramid). Furthermore, the calculation is carried out for the doublescale porosity, orthotropic reinforcement, which is closer to industrial materials in the composites processing.
The present results prove that the Biot coefficients of bundles made of transversely isotropic fibers like carbon or aramid are always lower than one, and for the same porosity, the Biot coefficients of the perfectly straight unidirectional fiber assembly are not much different to that in localized contact.
The micromechanical approach stiffens the fibrous material because it hinders the possible sliding and rotations that can occur in such non-cohesive materials. The result validity is therefore limited to high fiber volume fractions. However, using consecutive homogenizations allow to obtain mechanical properties at lower fiber volume fractions.
The permeability tensor is also calculated by the microporomechanical ap-21 proach, but it is not well adapted to the misaligned unidirectional fiber assembly of single-scale porosity because of the difficulty to choose a reference medium. The permeability of an array of solid fiber should be determined with regular fluid mechanics methods. However, permeabilities of the reinforcement of double-scale porosity can be predicted by this continuum approach, and they have showed good agreement with experimental results.
The obtained results prove that the microporomechanical approach could be applied to the fiber reinforcement in the processing of composites and offers an unified consistent framework to model fluid-related and fiber-related phenomena involved in the composites manufacturing processes.
